Objective: This study aimed to evaluate the impact of insulin antibodies on insulin aspart pharmacokinetics and pharmacodynamics after 12-week multiple daily injections of biphasic insulin aspart 30 (30% fast-acting and 70% protamine-crystallised insulin aspart, BIAsp30) in patients with type 1 diabetes. Methods: Twenty-three patients (8 women, 15 men) aged 44.8 (20.6-62.5) years (median and range) with diabetes duration of 19.5 (1.6 -44.6) years and haemoglobin (Hb)A 1C of 9.2% (8.1-12.3%) participated in the study, which consisted of 12-week treatment with multiple injections of BIAsp30. At the end of the treatment period, all patients attended two 24-h profile days 1 week apart for pharmacokinetic and pharmacodynamic assessments. HbA 1C and insulin antibodies were also determined. Results: Patients were stratified into two groups depending on whether the level of insulin binding to insulin antibodies was below or above 75% (moderate vs high (%, median and range): 62 (15 -74) vs 80 (75 -89)). High levels of insulin antibodies resulted in about threefold increase in AUC (0 -24 h) (the area under the concentration-time curve during 24 h) for total insulin aspart (analysis of variance, P , 0.05). The differences in free insulin aspart pharmacokinetics, insulin pharmacodynamics and HbA 1C were not statistically significant between patients with different levels of insulin antibodies. Total daily insulin dosage was significantly lower in patients with high than moderate levels of insulin antibodies. Conclusions: In type 1 diabetic patients, high levels of circulating insulin antibodies result in elevated total, but not free, insulin aspart profiles. Consistent with the finding of similar insulin pharmacodynamics, the long-term glycaemic control is not significantly different between patients with different levels of insulin antibodies. European Journal of Endocrinology 153 907-913 European Journal of Endocrinology (2005) 153 907-913
Introduction
The production of polyclonal IgG antibodies in response to administration of exogenous insulin (including human insulin) has aroused academic as well as clinical interest (1, 2) , because these antibodies may diminish (or neutralise) the action of insulin -a condition called immunological insulin resistance (3) , and induce lipoatrophy at the injection site (4) . Furthermore, it has been speculated that antibodies against insulin will serve as carrier proteins, prolonging the duration of action of circulating insulin, and consequently result in profound alterations in insulin pharmacokinetics and pharmacodynamics (5 -8) .
Insulin aspart is an insulin analogue designed by protein engineering, in which aspartic acid replaces proline at position B28 of the human insulin molecule (9) . With this substitution, a more brisk absorption profile than with soluble human insulin has been achieved (10, 11) . However, the treatment with insulin analogues raises some new concerns. Thus, a previous study suggested that insulin aspart possessed the same immunogenicity as porcine insulin because both insulins differ from native human insulin by one amino acid located at the C-terminal of the B-chain of the insulin molecule (12) . This may explain the observation that administration of insulin aspart is associated with increased insulin-antibody titers (13) .
However, the influence of such antibodies on insulin aspart pharmacokinetics and pharmacodynamics has not yet been evaluated.
The present study aimed to compare differences in insulin pharmacokinetics and pharmacodynamics in type 1 diabetic patients with moderate and high levels of insulin antibodies respectively after 12 weeks of multiple daily injections of biphasic insulin aspart 30 (30% fasting-acting and 70% protamine-crystallised insulin aspart, BIAsp30), and to evaluate the relationship between the presence of insulin antibodies and longterm glycaemic control.
Patients and methods
The trial protocol was approved by the Danish Medicines Agency and the local ethics committee. The trial was conducted in accordance with Good Clinical Practice (GCP), and monitored by the GCP unit of Aarhus University Hospital. Written, informed consent was obtained from all patients before the trial.
Patients
The present study was part of a larger randomised, openlabel, two-period, crossover trial comparing the effects of 12 weeks of multiple daily injections of BIAsp30 (Novo-Mix w 30 FlexPen w ; Novo Nordisk A/S, Bagsvaerd, Denmark) to basal-bolus human insulin administration (Actrapid w Pen and Insulatard w FlexPen w respectively; Novo Nordisk A/S) on long-term glycaemic control. The present paper included data obtained during treatment with BIAsp30 only, involving 23 type 1 diabetic patients (8 women, 15 men), who were previously treated with basal-bolus human insulin administration (three injections of soluble human insulin at mealtime in addition to bedtime NPH insulin). They were aged 44.8 (20.6 -62.5) years (median and range) with diabetes duration of 19.5 (1.6 -44.6) years and a haemoglobin (Hb)A 1C of 9.2% (8.1 -12.3%).
At the end of the treatment period, patients attended two 24-h profile days 1 week apart. On all profile days, patients reported to the clinical research unit at 0730 h after overnight fast. After the first sample at approximately 0745 h, patients were administered the trial drugs after blood sampling at 0800, 1300 and 1800 h. Within 5 min after insulin administration, meals were served. The amount and pattern of meals and snacks during the profile days were as close as possible to the patients' daily life, and were unchanged on the profile days. After each main meal, blood samples were drawn every 30 min for 2 h, followed by hourly sampling until the next meal or 0200 h, and then two-hourly until the end of the 24-h profile day. Insulin dosages remained unchanged from the day before the first profile day to the end of the second 24-h profile day. BIAsp30 was injected immediately before the meal.
Free and total insulin aspart measurements in serum
Peptides Monoclonal antibodies to human insulin (HUI-081) and insulin aspart (X14-6F34) and insulin aspart standards were kindly provided by L Andersen (Department of Immunochemistry, Novo Nordisk A/S) (14) . HUI-081 was employed as coating antibody (3 mg/l). X14-6F34, labelled with europium according to the manufacturer's instructions (PerkinElmer Life Sciences, Turku, Finland), served as detecting antibody. Column preparation Sephadex G50 Fine (Amersham Biosciences AB, Uppsala, Sweden) gel-filtration medium was swollen overnight at room temperature in buffer A (neutral column) or buffer B (acid column). About 6 ml gel was packed in Fisher Screening Column (1 £ 6 cm, diameter £ length; cat. no. 1138750, Fisher Scientific, Pittsburgh, PA, USA).
Gel separation procedure
In a pilot study, 125 I-human insulin (7000 counts/min) (Novo Nordisk A/S) was incubated overnight at 5 8C with buffer with or without an excess of human immunoglobulin (Octapharma, Holte, Denmark). Next day, 120 ml of the mixtures ( 125 I-insulin IgG) were applied to the neutral column, which was eluted with buffer A (150 ml/fraction). In another experiment, 125 ml 125 I-insulin IgG were incubated with 30 ml 1 M HCl at room temperature for 2 h, after which 120 ml were added to the acid column and eluted with buffer B (150 ml/fraction). The radioactivity of each fraction collected was counted. The results are presented in Fig. 1A . Our pilot studies showed that in the neutral column, the complexes of 125 I-insulin and human IgG eluted in fractions 10 -15, and 125 I-insulin eluted in fractions 16 -30. In the acid column, unbound 125 I-insulin appeared in fractions 18 -33.
Furthermore, serum samples were taken from three fasted patients who participated in the present study and had low (6%), moderate (47%) and high (84%) antibody-binding capacity (coprecipitation) respectively. Serum samples were incubated with 125 I-human insulin (12 000, 13 000 and 9000 counts/min respectively) at room temperature for 2 h. After incubation, 120 ml were applied to the neutral column, which was eluted as described above. The results are shown in Fig. 1B .
The radioactivities eluted in fractions 11 -16 were 10% of total counts for low-binding sera, but 46% and 82% for moderately and high-binding sera respectively.
Thus, the 6 ml columns were able to separate bound from free insulin at acidic as well neutral conditions. However, due to the volume being collected in fractions 16 -33 (about 2.6 ml), lyophilisation was needed to improve assay sensitivity. Accordingly, after lyophilisation, buffers C and D (300 ml/sample) were added for free and total insulin aspart determinations respectively. Afterward, insulin aspart was measured by a sandwich assay as described by Andersen et al. (14) , except that the detecting antibody was europium labelled (timeresolved immunofluorometric assay (TR-IMFA)).
For free insulin aspart (neutral column), the recovery rate was 111^10% at 32.25 pmol/l and 115^8% at 500 pmol/l. The within-and between-assay coefficient of variations (CV) both averaged 5.4% (derived from 40 assessments on 8 consecutive days). The recovery of total insulin aspart (acid column) was 95^13% in six patients with type 1 diabetes, and 96^9% in six normal healthy subjects. The within-and betweenassay CV for total insulin aspart assay averaged 4.5% and 7.6% respectively. Serum insulin aspart concentrations below the detection limit (15.625 pmol/l) were set to 7.8 pmol/l.
Other measurements
Insulin antibodies were determined only at the end of treatment period by the method of Desbuquois et al. (15) , and expressed as percentage of bound 125 I-insulin. In our laboratory, the mean antibody-binding capacity (coprecipitation) in serum from normal healthy subjects was 4.8^0.2%.
HbA 1C was measured at the end of each 12-week treatment period by high-performance liquid chromatography (HPLC) (normal range: 5.1 -6.2%). Profile day plasma glucose concentrations were measured by the glucose oxidase method.
Pharmacodynamic and pharmacokinetic assessments
The area under the plasma glucose or insulin concentration-time curve (AUC) was calculated by the trapezoidal rule, and stratified into four sections (AUC breakfast(0 -5 h) , AUC lunch(0 -5 h) , AUC dinner(0 -4 h) , AUC dinner(4 -14 h) ). The day-to-day variation in insulin pharmacokinetics and pharmacodynamics was expressed as the CV, which was calculated with corresponding parameters on two 24-h profile days.
Statistical analyses
After logarithmic transformation (ln), differences in total daily insulin dosage and AUC between patients with different levels of insulin antibodies were analysed by ANOVA (analysis of variance). The Mann -Whitney test was employed to compare the difference in HbA 1C , day-to-day variations in insulin pharmacokinetics and pharmacodynamics. The corresponding values on two 24-h profile days were averaged to compare differences between patients. Additionally, a linear regression model with total AUC (AUC (0 -24 h) ) for plasma glucose, as well as total and free insulin aspart respectively as dependent variables and the level of insulin antibodies as independent variables, was chosen to evaluate the relationships between these parameters.
Data were analysed by SPSS for Windows, Version 11 (SPSS, Chicago, IL, USA). All statistical analyses were performed with a significance level of 5%.
Results
The median (range) level of insulin antibodies was 75% (15 -89%) after 12-week treatment with multiple daily injections of BIAsp30. The patients were stratified into two groups depending on whether the level of insulin antibodies was below or above 75% after treatment with multiple injections of BIAsp30. In patients with low to moderate insulin binding (n ¼ 11), the level of insulin antibodies was 62% (15 -74%), but it was 80% (75 -89%) in patients with high insulin binding (n ¼ 12).
Pharmacokinetics and pharmacodynamics
The total insulin aspart profiles were significantly higher in patients with high versus low to moderate levels of insulin antibodies ( Fig. 2A) . High levels of insulin antibodies were associated with an approximately threefold increase in AUC (0 -24 h) for total insulin aspart (P , 0.05) ( Table 1 ). Furthermore, total insulin aspart profiles at different time points of the profile days were significantly elevated by 250 -280% in patients with high versus low to moderate levels of insulin antibodies (Table 1) .
Free insulin aspart and glucose profiles were superimposable in patients with low to moderate and high levels of insulin antibodies ( Fig. 2B and C respectively). AUC (0 -24 h) for free insulin aspart and glucose were not significantly different between patients with different levels of insulin antibodies ( Table 1) .
The day-to-day variations in insulin pharmacokinetics and pharmacodynamics (AUC (0 -24 h) ) were not significantly different between the two groups (low to moderate vs high (%, median and interquartile): 6% (2 -21%) vs 6% (1 -26%) for total insulin aspart; 13% (8 -20%) vs 8% (4 -21%) for free insulin aspart; 10% (5 -17%) vs 12% (8 -32%) for blood glucose) (NS). AUC (0 -24 h) for total insulin aspart was positively but weakly correlated with the level of insulin antibodies (r 2 ¼ 0.19, P ¼ 0.04). Neither free insulin aspart (r 2 ¼ 0.026) nor glucose concentrations (r 2 ¼ 0.059) were independently predicted by the level of insulin antibodies (NS).
Long-term glycaemic control and insulin dosage
There was no significant difference in HbA 1C between patients with low to moderate and high levels of insulin antibodies (low to moderate vs high (%, median and range): 8.3% (6.7 -9.7%) vs 8.3% (7.3 -9.8%) (NS).
The total daily insulin dosage was significantly lower in patients with high compared with low to moderate levels of insulin antibodies (low to moderate vs high (IU/24 h, geometric mean and range): 59 (44 -82) vs 43 (24 -106) (P ¼ 0.039).
Discussion
This is the first study to show that increased insulin antibody-binding capacity is associated with signifi-cantly elevated total, but not free, insulin aspart profiles after 12-week treatment with multiple daily injections of BIAsp30. However, no profound influence of insulin antibodies on insulin pharmacodynamics was observed, and consequently the long-term glycaemic control as measured by HbA 1C was not significantly different between patients with different levels of insu- Figure 2 The influence of insulin antibody on total insulin aspart (A), free insulin aspart (B) and blood glucose (C) in patients with high (X) or low to moderate (W) levels of insulin antibodies. The results are presented as geometric mean.
lin antibodies. Our observations agree with earlier studies (16 -18) , and together they suggest that total insulin profiles may not appropriately explain the corresponding changes in insulin pharmacodynamic profiles, when patients with different levels of insulin antibodies are compared. In contrast to our findings, some previous studies have reported that after subcutaneous injection of short-or intermediate-acting insulin, plasma free insulin concentrations are lower in patients with insulin antibodies than in those without (5 -8) . It has been suspected that binding of insulin by circulating antibodies or an impaired insulin absorption due to the local binding of insulin by antibodies at the subcutaneous injection site might be the explanation for the lower plasma free insulin profiles observed in the patients with high levels of insulin antibodies (19, 20) . However, the latter hypothesis remains to be proven; in fact, de Meijer et al. failed to demonstrate any significant difference in absorption rate of 125 Ilabelled soluble human insulin between patients with and without antibodies (16) . The reason for this discrepancy is unknown, but it may relate to the inclusion of different patient groups as well as a different assay for insulin antibodies and for total and free insulin (21) .
The absorption of insulin from the subcutaneous injection site is characterised by huge spontaneous intra-and interindividual variations (up to 50%) (22, 23) . Such a variability in insulin pharmacokinetics might result in a labile glycaemic control (23) . It has been suggested that insulin antibodies may act as a buffer, binding circulating insulin and releasing it slowly, thereby stabilising glycaemic control (24, 25) . Accordingly, it was anticipated that patients with elevated levels of insulin antibodies would have a smaller day-to-day variation in insulin pharmacokinetics. In the present study, however, within-patient variations in insulin aspart pharmacokinetics and pharmacodynamics were similar in patients with low to moderate and high levels of insulin antibodies. This finding agrees with a previous study using purified, shortacting porcine insulin (17) . Our results suggest that the formation of insulin antibodies may not have significant impact on insulin aspart pharmacokinetics and pharmacodynamics after 12-week treatment with multiple daily injections of BIAsp30, where the levels of insulin antibodies are considered to be at the maximum (13) .
In 1944, Lowell first reported that the presence of insulin antibodies might neutralise the action of exogenous insulin (26) . Since then, there has been the debate on the clinical importance of insulin antibodies (25) . Unfortunately, the conclusions are still ambiguous. We believe that some influence of insulin antibodies cannot be completely excluded during multiple injections of BIAsp30. First of all, it is likely that the circulating insulin antibodies induced by exogenous insulin administration act as binding proteins, prolonging the duration of action of insulin in the circulation (5, 7, 18, 19) . Accordingly, lower insulin requirement would be expected in patients with high levels of insulin antibodies (27) . Indeed, our results showed that the total daily insulin dosage was significantly lower in patients with high than moderate levels of insulin antibodies, although these patients had almost similar glycaemic control. However, the opposite conclusion has been reached by other researchers (6, 13, 28) . Nevertheless, due to the buffering effects of insulin antibodies, various regimens for insulin dosage titration may be required for patients with different levels of insulin antibodies; that is, in patients with higher insulin antibodies-binding capacity, a regimen with more aggressive dose increment (decrement) but longer titration interval might be more appropriate, and vice versa. However, such a hypothesis should be evaluated in a clinical trial. Secondly, due to an increased (10-fold) stimulatory cross-reaction with the insulin-like growth factor-I (IGF-I) receptor (29) , the treatment with another insulin analogue, B10Asp, has caused some concern (30). Recently, we have studied the capacity of insulin aspart to cross-react with the IGF-I receptor in vitro (31) . It appeared that at a level of , 1700 pmol/l (similar to the mean level of total insulin aspart observed in patients with high levels of insulin antibodies in the present study), the signal from insulin aspart was equivalent to 13 pmol/l IGF-I. This crossreactivity (0.7%) was similar to that of short-acting human insulin (0.8%); therefore, we do not believe that treatment with insulin aspart should raise any safety concern -at least in the context of IGF-I receptor activation. However, we acknowledge that type 1 diabetic patients are at increased risk of cancer as compared with non-diabetic population (32) , and it is still unknown whether lifelong treatment with insulin aspart will lead to an elevated IGF-I-like bioactivity and subsequent mitogenic potency, especially in the subgroup of patients who have high levels of insulin antibodies.
In conclusion, in type 1 diabetic patients, high levels of circulating insulin antibodies result in elevated total, but not free, insulin aspart profiles. However, the insulin aspart pharmacodynamic profiles are independent of the levels of insulin antibodies; accordingly, the long-term glycaemic control is not significantly different between patients with moderate and high levels of insulin antibodies.
